Background: A positive family history for myocardial infarction (MI) is known to be a major cardiovascular risk factor. The current European guidelines therefore recommend intensified primary prevention for the siblings and children of persons who have had an MI. Although the genes underlying the heritable component of MI were largely unknown previously, the development of new molecular genetic methods, and particularly the advent of genome-wide association (GWA) studies, has led to the discovery of numerous genetic variants that are associated with an elevated risk of MI.
S
o-called candidate genes, i.e., molecular changes that lead to premature atherosclerosis, have been sought for the last two decades. All studies of this nature are based on the assumption that proteins involved in the pathophysiology of atherosclerosis carry mutations that make them a potential contributory cause of myocardial infarction. Although over 5000 publications have appeared in this field to date, only a few of them report a reproducible association of genes involved in lipid metabolism (Table 1 ) with an elevated risk of myocardial infarction (1) .
From the genetic point of view, it should be pointed out that most candidate gene analyses have involved only one or a few of the many molecular variants of an individual gene. Moreover, a statistical problem besetting many such studies is the small size and heterogeneity of the sample. Thus, in retrospect, it comes as no surprise that only a small amount of valid data has been derived from studies of this type.
The breakthrough came in 2007 with the first use of genome-wide association (GWA) studies (Figure 1 ). This type of analysis enables the characterization of approximately 2.4 million genetic markers in each subject. A systematic comparison of these markers in thousands of patients with myocardial infarction and in healthy control subjects has enabled the identification of gene segments whose influence on the risk of atherosclerosis is considered to be established beyond any doubt (Table 2) . Moreover, the main findings were replicated in many thousands of patients and control subjects. To date, the contribution of eleven chromosome segments (eleven genes) to the risk of myocardial infarction has been shown reproducibly and beyond doubt (2) (3) (4) (5) (6) (7) (8) . This review article summarizes all of the GWA studies on myocardial infarction that have been published up to the present; these studies were found by a selective literature search (www.ncbi.nih.gov/ pubmed). this chromosome region does not contain any gene coding for a protein. The underlying pathogenetic mechanism remains unclear.
• Only two of the eleven chromosome segments associated with myocardial infarction are related to traditional risk factors (LDL-cholesterol and LP[a]). Thus, most of the genetic variants that have been described, including the one located on chromosome 9p21.3, elevate the risk of myocardial infarction through pathogenetic mechanisms that are not yet understood.
• All of the risk alleles identified to date are relatively common. The probability of a person of European descent having one, or even two, risk alleles on chromosome 9p21.3 is about 50% and 25%, respectively. Only a minority of the European population does not possess a copy of this allele.
• At the individual level, each affected chromosome segment has only a small positive effect on the risk of myocardial infarction, on the order of 10% to 30% for each risk allele. This means, for example, that the 25% of persons in the European population who are homozygous for the risk allele on chromosome 9p21.3 have a risk of myocardial infarction that is roughly 60% higher than that of the 25% of persons who do not bear the risk allele at all. Among men aged 40 to 45 who do not have any of the traditional risk factors (elevated LDLcholesterol values, arterial hypertension, overweight, or smoking), the average 10-year risk of myocardial infarction is approximately 1% (PROCAM score), yet an average person in this group also possesses one risk allele of chromosome 9p21.3.
• Although the risk increase for an individual person is relatively small, the high frequency of the risk alleles leads to an enormous increase in the incidence of myocardial infarction at the level of the entire population. For example, among one million homozygous carriers of the risk allele on chromosome 9p21.3 aged 40 to 45, the absolute risk increase of 0.6% leads to 6000 additional heart attacks over a ten-year period. Practically all persons of European descent have one or more of the risk alleles listed in Table 2 , in varying configurations, and thus a higher or lower inherited risk of myocardial infarction.
• The genetic predisposition conferred by the risk alleles is seen both in persons with a positive family history and in persons with a negative family history. Thus, the genetic effect of the newly identified variants adds to that of a positive family history. Stated in another way, a positive family history reflects a genetic effect of a type that has not yet been explained (Figure 2 ).
Genetic prediction
Despite the enormous progress made in the last two years, only 10% of the genetic influence on myocardial 
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FIGURE 1
The principle of genome-wide association studies With the aid of DNA chips, the allele frequencies of up to 2.4 million polymorphisms are statistically compared in samples of patients and normal control subjects. If markers in a particular chromosome segment are present in significantly different frequency, this finding is replicated in further samples. Then, if a highly significant difference between cases and controls is found (p < 5 × 10 -8
), the finding is considered relevant, even though multiple statistical tests have been applied. At present, only the SNPs (single nucleotide polymorphisms) on the autosomal chromosomes, i.e., chromosomes 1 through 22, are analyzed in genome-wide association studies. The sex chromosomes X and Y are not included in the analyses, as there is no standardized analytic technique for these chromosomes to date.
infarction has been accounted for to date (3) . Under the leadership of the Lübeck team, a globally operating consortium called CARDIoGRAM has been established, which collates the genome-wide association studies performed to date on a total of some 100 000 subjects, thus enabling a new quantitative dimension of analysis. The list of known and definitively evaluated genetic variants that are associated with myocardial infarction can be expected to become much longer in the near future.
The systematic, genome-wide analysis of cardiovascular risk factors has also led to the identification of many genes that influence lipid metabolism, arterial blood pressure, the risk of diabetes mellitus, and the tendency toward obesity. Thus, light has not just been shed on the genetics of myocardial infarction; it is now possible to predict more accurately, on a genetic basis, whether an individual will develop one of the classic cardiovascular risk factors over the course of a lifetime. Taking all of the data into consideration, one can conclude that it should now be possible to predict cardiovascular risk more accurately than is currently done on the basis of the family history alone (10) . At present, large-scale epidemiological studies are being performed to determine whether the knowledge gained from GWA studies of myocardial infarction can improve the prognostication of future events beyond what is already possible from consideration of the traditional risk factors. If genetic information does turn out to have additional predictive value, then, in the future, it should be possible to develop risk scores that discriminate low-, middle-, and high-risk patients more accurately than currently possible, with the result that primary preventive measures can be applied in a more targeted fashion. We must await the results of these prospective studies before we can say whether the knowledge of the risk alleles that a person carries will lead to a clinically relevant improvement in our ability to predict myocardial infarction.
Myocardial infarction families
The genome-wide association studies have thus succeeded in identifying a large number of factors that make a major contribution to the risk of myocardial infarction at the population level. These findings do not yet account for the small number of families in which an autosomal dominant inheritance pattern for myocardial infarction has been found (11) (12) (13) . In these families, a genetic factor must be at work that elevates the risk of myocardial infarction so massively that nearly every individual possessing the risk-conferring gene, i.e., every other child of an affected person, actually goes on to have a myocardial infarction (Figure 3 ).
Although it has been possible in these families, as in others, to identify chromosome segments associated with a heritable risk of myocardial infarction, the genes and genetic variants responsible for the autosomal dominant inheritance of myocardial infarction in these families have not yet been found. This will be a major challenge for the future, as a better understanding of the underlying mechanisms in these families might turn out to be of profound importance for the prevention of myocardial infarction in general.
Myocardial infarction
Coronary heart disease as a specific illness, and atherosclerosis in general, can affect patients in a variety of characteristic patterns. It has been demonstrated that the risk allele on chromosome 9p21.3 raises the risk not only of coronary heart disease, but also of stroke, aneurysms, and peripheral vascular occlusive disease (14, 15) . These diseases probably all have their own, individual genetic risk factors, in addition to the common genetic risk factor that has been identified. Thus, a number of studies have revealed that calcification of the coronary arteries or of the aorta is subject to a major influence from genetic factors (16) . Although no particular genetic factor of this type has yet been identified in man, the murine ABCC6 gene has been shown to cause vascular calcification by way of an abnormality of cellular transport (17, 18) . It is hoped that a better understanding of the underlying mechanisms will help explain why some patients have severe vascular calcification and will lead the way toward effective prevention of this problem.
Coronary main-stem stenosis has been found to be a particularly heritable condition (Figure 4) . That is, narrowing at the ostia or in the first centimetres of the right or left coronary artery is subject to a stronger genetic influence than more distally located stenosis. As a result, this highly dangerous manifestation of coronary heart disease also has a high rate of occurrence in siblings and other first-degree relatives of affected persons. Unfortunately, the mechanisms of inheritance of main-stem stenosis remains unknown. Thus, the relatives of affected persons can be advised at present only to have themselves thoroughly evaluated and to undertake a strict regimen to modify any risk factors that may be present.
Future prospects
These rapid developments in the discovery of molecular causes of myocardial infarction lead us to expect new means of risk prediction to become available in the near future. The current data show that most of these genetic effects operate independently of the traditional risk factors (lipid metabolism, arterial hypertension, diabetes, body-mass index, and smoking). The scientific data have already improved our ability to prognosticate the risk of myocardial infarction in a population sample, but it remains unclear at present whether knowledge of the associated genetic variants will be useful for risk prediction, and thus for prevention, for individual patients. Chromosome 9p21.3 and family history One risk allele raises the risk of myocardial infarction by a factor of 1.3, i.e., by approximately 30%. The strength of this effect is comparable in persons with a positive or negative family history; in other words, the effect of the risk allele is additive to that of a positive family history. The size of the squares in the diagram reflects the sample size. A total of 4500 persons were studied. NS, not significant. The findings described here have shed new light on the pathophysiology of myocardial infarction. In principle, genetic variants that confer risk are always to be considered as causal cofactors (like the risk alleles listed in Table 2 ), or even as precipitating factors (in the case of the autosomal dominant forms), of atherosclerosis and myocardial infarction. But how do these risk alleles work, if not by way of the traditional risk factors? Once the underlying mechanisms are deciphered, it will probably be possible to develop new methods of treating and preventing coronary heart disease. The current spirit of optimism among researchers in the field is reminiscent of the time when LDL-cholesterol had been identified as a risk factor for myocardial infarction, but no treatment was yet available to lower the associated risk. The total, summated effect of the genetic risk variants that have now been discovered seems to be far greater than that of an elevated LDL-cholesterol level. It remains to be seen, however, whether a better understanding of the genetics of myocardial infarction will lead to the development of new preventive measures whose effect will be comparable to that of the statins in lowering the risk due to high LDL-cholesterol.
FIGURE 4
Heritability of main-stem stenosis. Main-stem stenosis, coronary calcification, and ectatic coronary lesions are highly heritable (16); LAD, left anterior descending coronary artery
KEY MESSAGES
• Genome-wide association studies have led to the discovery of a large number of new myocardial infarction genes.
• The strongest genetic effect on the risk of myocardial infarction is that of a variant found on chromosome 9p21.
• Only a few of the myocardial infarction genes are associated with classic risk factors.
• Most of the risk-conferring variants are common (frequency up to 84% for the risk allele, compared with 16% for the "protective" allele) and lead to a low individual elevation of risk (relative risk increase, 10% to 30%).
• Prospective studies on risk prediction with genetic scores have yet to be published.
